INTRODUCTION
Self-avoidance between sister dendrites of the same neuron maximizes coverage of the sensory territory without overlapping of dendritic branches (Grueber and Sagasti, 2010) . Selfavoidance is conserved in various types of neurons from different species, including the C. elegans PVD multimodal nociceptor (Smith et al., 2012) , Drosophila mechanosensory neurons (Hughes et al., 2007; Matthews et al., 2007; Soba et al., 2007) , mouse retinal amacrine cells (Lefebvre et al., 2012) , or cerebellar Purkinje cell (Gibson et al., 2014) . Loss of self-avoidance in the starburst amacrine cells or Purkinje cells is associated with impaired directional sensitivity in vision and gait disturbance, respectively, indicating that self-avoidance is critical for neuronal circuitry functions (Gibson et al., 2014; Kostadinov and Sanes, 2015) .
Live imaging in C. elegans suggests that self-avoidance is established through initial contact and subsequent retraction of sister dendrites (Smith et al., 2012) . The molecular mechanisms of this contact-dependent dendrite repulsion are incompletely understood. In Drosophila, isoform-specific, homophilic interaction of the Down syndrome cell adhesion molecule (Dscam) located at the tips of dendrites in contact is thought to mediate dendrite repulsion (Hughes et al., 2007; Matthews et al., 2007; Soba et al., 2007) . In the mouse retina, g-protocadherin (Pcdhg) isoforms regulate dendrite self-avoidance of the starburst amacrine cells in a manner similar to that by Dscam in Drosophila (Lefebvre et al., 2012) . Other cell surface molecules, such as the immunoglobulin superfamily (IgSF) protein Turtle (Long et al., 2009) , the atypical cadherin Flamingo (Fmi) and the four-pass transmembrane protein Van Gogh (Vang) (Matsubara et al., 2011) , are also implicated in dendrite self-avoidance in Drosophila mechanosensory neurons, although the signaling mechanisms by which these molecules regulate dendrite selfavoidance are largely elusive.
Accumulating evidence suggests that, in addition to cell surface molecules, diffusible axon guidance factors also regulate dendrite self-avoidance. In C. elegans, UNC-6/Netrin and its receptors, UNC-40/deleted in colon cancer (DCC) and UNC-5/ Unc5, regulate self-avoidance of the PVD dendrites (Smith et al., 2012) . Slit, a conserved repulsive guidance cue, promotes dendrite self-avoidance in mouse Purkinje cells (Gibson et al., 2014) . In both cases, Netrin and Slit, which typically function at long distance, are hypothesized to trigger dendrite repulsion in short range by being tethered to UNC-40/DCC and the Robo2 receptor, respectively, although direct evidence for this mechanism is still lacking.
Repurposing of classical long-range guidance cues for membrane-proximal interaction can expand the repertoire of molecules for dendrite self-avoidance. This idea motivates us to explore potential roles of Wnts in self-avoidance, using the multidendritic nociceptive PVD neuron in C. elegans as a model. The secreted Wnt glycoproteins instruct neuronal migration and growth cone guidance among their many roles in neural development (Bodmer et al., 2009; Krylova et al., 2002; Pan et al., 2006; Purro et al., 2008; Zinovyeva et al., 2008) , and these functions require Wntless, a multi-pass transmembrane protein (B€ anziger et al., 2006; Bartscherer et al., 2006; Goodman et al., 2006; Pan et al., 2008; Yang et al., 2008) . Wntless transports the highly hydrophobic Wnts from the Golgi to the plasma membrane for secretion, a function that is conserved among different species (B€ anziger et al., 2006; Bartscherer et al., 2006; Goodman et al., 2006) . Plasma membrane Wntless is recycled by AP2-dependent endocytosis and later trafficked to the Golgi via a retromer-dependent process. Disruption of the recycle or endosome-to-Golgi trafficking of Wntless diminishes Wnt secretion, confirming the critical importance of Wntless in Wnt signaling (Belenkaya et al., 2008; Franch-Marro et al., 2008; Pan et al., 2008; Port et al., 2008; Yang et al., 2008) .
The horizontal, primary dendrites of the PVD neurons branch successively at right angles to generate stereotyped, candelabra-like dendritic arborization. The tertiary branches follow the lateral hypodermal line and display robust selfavoidance between each other (Smith et al., 2010) . We find that mutations of mig-14, the Wntless homolog of C. elegans, cause defects in PVD dendrite self-avoidance, but unexpectedly, none of the Wnt mutants in any combinations show similar defects. We map MIG-14 sequences that are specifically required for dendrite self-avoidance or Wnt secretion, suggesting that these two functions of MIG-14 could be genetically and molecularly uncoupled. We further demonstrate that WSP-1/N-WASP, a conserved protein required for actin assembly, acts downstream of MIG-14 to control dendrite self-avoidance. These findings reveal novel Wntless functions and expand the repertoire of self-avoidance molecules.
RESULTS

Wntless Is Required for PVD Dendrite Self-Avoidance
The C. elegans PVD neuron displays robust dendrite self-avoidance with rare overlapping of its tertiary dendrites (Figures 1A and 1B; Smith et al., 2010) . To investigate whether Wnt signaling regulates dendrite self-avoidance of the PVD neuron, we first examined the mig-14 mutants. mig-14 encodes C. elegans Wntless, a multi-pass transmembrane protein essential for Wnt secretion (B€ anziger et al., 2006; Bartscherer et al., 2006; Goodman et al., 2006; Pan et al., 2008; Yang et al., 2008) . In C. elegans, mig-14 mutants phenocopy Wnt mutants for defects in neuronal migration, cell polarity, and axon guidance (Pan et al., 2008; Yang et al., 2008) . We found a significant increase of selfavoidance defects in the ga62 hypomorphic and the maternally rescued or78-null mutants of mig-14 (Figures 1B and 1C) . The penetrance of self-avoidance defects in these two alleles was comparable; therefore, we used the mig-14(ga62) mutant for subsequent studies to circumvent the inconvenience conferred by maternal effect lethality of the mig-14(or78) mutation. The numbers of secondary and quaternary branches were not affected in the mig-14 mutant, suggesting intact dendritic outgrowth ( Figures S1A and S1B ).
A previous study shows that PVD dendrite self-avoidance occurs by transient contact between opposing tertiary dendrites followed by retraction (Smith et al., 2010) . Our time-lapse imaging experiments confirmed that, in the wild-type, most of the contacting dendrites retracted within 10 min ( Figures 1D and  1E ). By contrast, contacting tertiary dendrites in the mig-14 mutant showed marked delay or even failure in retraction after initial contact ( Figures 1D and 1E ). Transient expression of mig-14 at early L3 stage, when tertiary PVD dendrites extended, was able to rescue the self-avoidance defects of the mig-14 mutant ( Figure 1F ). Brief mig-14 expression before or after this time window failed to rescue self-avoidance defects. These data suggest that mig-14 functions acutely in dendrite selfavoidance.
Distinct Wntless Activities in PVD Neurons and Wnt-Secreting Tissues
To test whether Wnts control dendrite self-avoidance, we examined Wnt pathway mutants. Surprisingly, none of the single or multiple mutants for the five C. elegans showed increased selfavoidance defects, including a quintuple Wnt mutant strain in which all the zygotic Wnt activity was eliminated (Figures 2A and 2B) . Furthermore, none of the single mutants for the Wnt receptor Frizzled (cfz-2, lin-17, mig-1, and mom-5) had self-avoidance defects ( Figure 2C ). Dendrite outgrowth was not affected in the Wnt and Frizzled mutants, except for cfz-2, which showed reduced numbers of secondary branches (Figures S1E and S1F). As no genetic method is able to completely eliminate both maternal and zygotic Wnt functions without compromising organismal viability, we instead address where mig-14 acts, as the site of action for mig-14 may implicate whether it engages Wnt secretion to control dendrite self-avoidance. Our tissuespecific rescue experiments showed that self-avoidance defects of the mig-14 mutant were rescued only when mig-14 was restored in the PVD neuron, by the ser-2.3 promoter, but not in the Wnt-secreting cells, by the egl-20/Wnt or the hypodermal dpy-7 promoter ( Figure 2D ). These results suggest that mig-14 functions cell autonomously in PVD to control dendrite self-avoidance. We exclude the possibility that our transgenes for expression in Wnt-secreting cells are non-functional, as they rescued polarity defects of the anterior lateral microtubule (ALM) touch receptor neuron, a well-established phenotype caused by loss of secreted Wnts Pan et al., 2006 Pan et al., , 2008 Prasad and Clark, 2006 ; Figure 2E ). By contrast, restoration of MIG-14 in the PVD neuron did not rescue ALM polarity defects in a non-autonomous fashion ( Figure 2E ). These results implicate distinct MIG-14 functions in the PVD neurons and the Wnt-secreting cells, respectively.
Wntless Is Essential for Dendrite Self-Avoidance in Drosophila We found that dendrite self-avoidance defects of the mig-14 mutant could be rescued by Drosophila or human Wntless (Figure 2F) , suggesting an evolutionarily conserved function of Wntless in dendrite self-avoidance. To test this idea further, we examined dendrites of the Drosophila class IV dendritic arborization (da) neurons. Dendrites of these neurons develop extensive branching, but they rarely cross over each other (Soba et al., 2007; Figures 3A-3C) , suggesting robust mechanisms that ensure dendrite self-avoidance. Knockdown of wntless (wls) specifically in the class IV da neurons (ppk-GAL4, UAS-wls-RNAi) significantly increased the incidence of dendrite crossover, suggesting that wls is required for dendrite self-avoidance in these neurons ( Figures 3A-3C ). To confirm his finding, we examined the wls mutant neurons using MARCM (Lee and Luo, 1999 ; Figure 3D ). Compared to the control, yellow fluorescent protein (YFP)-marked class IV da neurons in which the wls gene was mutated showed increased frequency of dendrite crossover ( Figures 3D and 3E ). These observations indicate that wls regulates dendrite self-avoidance in Drosophila class IV da neuron in a cell-autonomous fashion, reminiscent of the findings in the C. elegans mig-14 mutant ( Figure 2D ). Moreover, we determined the frequency of possible contacting crossover events by analyzing the z axis distance between two sibling dendrites that crossed over each other in 2D confocal images (Figure 3F ). In the control as well as the two wls RNAi fly lines, around 40% of crossover events spanned a z axis distance that was smaller than 0.5 mm, suggesting that a significant proportion of dendrite crossovers in the wls RNAi flies is likely to be contacting. This frequency is similar to that reported for the Dscam mutant (Kim et al., 2012) . By contrast, >95% of crossovers in the Drosophila integrin mutants were non-contacting (Kim et al., 2012) . We conclude that Wntless/MIG-14-dependent dendrite self-avoidance is a conserved mechanism in the construction of neuronal circuitries in C. elegans and Drosophila.
Wntless Acts in Parallel to Netrin Signaling in Dendrite Self-Avoidance A previous study demonstrates that UNC-6/Netrin and its receptor UNC-40/DCC regulate PVD dendrite self-avoidance (Smith et al., 2012) . To test whether mig-14 acts in a shared pathway with Netrin signaling to control dendrite self-avoidance, we examined the unc-40 and the unc-40; mig-14 double mutants. We confirmed that the unc-40 mutant had self-avoidance defects ( Figure S2A ). The unc-40; mig-14 double mutants could not be maintained as homozygotes because of sterility, so we examined sterile unc-40; mig-14 double mutant animals segregated from balanced unc-40/hT2; mig-14 animals. Our results showed a sig- Figures 4A and S3A ). To further test the biological significance of interaction between MIG-14 molecules, we performed S2 cell aggregation assay. To minimize non-specific cell aggregation, we used fluorescence-activated cell sorting to isolate GFP(+) cells that successfully expressed the transfected constructs and performed aggregation assays using these homogeneous cell populations. In control cells transfected with a construct encoding GFP-tagged Frizzled receptor MOM-5, cell aggregation was rare ( Figures 4B and 4C ). By contrast, cells transfected with a construct expressing control (8) wlsRNAi #1 (7) wlsRNAi #2 (10)
Crossover/dendrite (%) MIG-14::GFP formed aggregates more frequently (Figures 4B and 4C) . We next test whether expression of MIG-14 is sufficient to trigger dendrite repulsion. To do this, we ectopically expressed MIG-14 in the touch receptor neurons (TRNs), taking advantage of the fact that branches of ALMs and the anterior ventral microtubule (AVM), two classes of TRN, tightly fasciculate in the nerve ring ( Figure 4D ). We generated a TRN::mig-14::mCherry transgene that displayed mosaic expression patterns among the touch neurons: some animals expressed MIG-14::mCherry in both ALMs and the AVM, whereas others expressed it in either ALMs or the AVM, but not both. When MIG-14 was expressed in both ALMs and the AVM, many animals showed severe defasciculation of the ALM-AVM fascicle in the nerve ring ( Figures 4D and 4E ), indicating repulsion between the ALM and AVM branches. We did not observe defasciculation in mosaic animals that expressed MIG-14 only in either ALMs or the AVM, but not both, or in animals that expressed MOM-5::GFP as a control ( Figure 4E ). These results suggest that MIG-14 triggers dendrite repulsion when present simultaneously on both sides of contact in a heterologous neuronal context.
Dendrite Self-Avoidance and Wnt Secretion Functions of Wntless Are Genetically Separable
Our genetic experiments ( Figure 2 ) suggest that functions of MIG-14 in dendrite self-avoidance are distinct from its canonical role in Wnt secretion and do not seem to require Wnts. To explore the structural basis for genetically distinct MIG-14 functions, we generated different MIG-14 mutants ( Figure 5A ) and tested their ability to rescue the Wnt mutant phenotypes (ALM polarity defects; Figure 5B ), restore dendrite self-avoidance ( Figure 5C ), or induce TRN dendrite repulsion ( Figure 5D ). MIG-14 with deletions of part of the first ectodomain (D39-104, D39-71, and D72-104) failed to rescue PVD self-avoidance or ALM polarity defects of the mig-14 mutant, nor did it trigger TRN dendrite repulsion ( Figures  5A-5D ), suggesting that the first ectodomain is a shared structure essential for different MIG-14 functions. Interestingly, MIG-14 with mutations of the conserved leucine-rich motif in the second ectodomain to alanine (LLLI > AAAA) rescued the ALM polarity defects, but it failed to restore PVD dendrite selfavoidance in the mig-14 mutant or induce TRN dendrite repulsion in the wild-type (Figures 5A-5D ). These results suggest that the leucine-rich motif is specifically required for dendrite self-avoidance but dispensable for Wnt-related activity. By contrast, MIG-14 without the C terminus domain still rescued PVD self-avoidance defects of the mig-14 mutant and triggered TRN dendrite repulsion in the wild-type but failed to rescue the ALM polarity defects of the mig-14 mutant ( Figures 5A-5D ). Moreover, mutation of the leucine-rich motif abolished the ability of MIG-14 to self-interact or induce S2 cell aggregation ( Figures  4A and 4C) . These experiments identify the leucine-rich motif of the second ectodomain and the C terminus domain as structural correlates for dendrite repulsion and Wnt secretory functions of MIG-14, respectively. The requirement of the MIG-14 C terminus domain for Wnt-related activity is consistent with a recent study of mammalian Wntless that implicates the C terminus as essential for Wnt secretion (Yu et al., 2014) . To substantiate our genetic experiments, we directly monitored Wnt secretion in C. elegans. Functional, Venus-tagged EGL-20/Wnt expressed from the endogenous egl-20 promoter could be found in the six coelomocytes that line the pseudocoelom (C. elegans body cavity; Figure 5E ). Because the egl-20 promoter is not expressed in the coelomocytes, this observation indicates that EGL-20::Venus is secreted into the pseudocoelom and accumulates in the coelomocytes through endocytosis. Coelomocyte EGL-20 signals were largely missing in the mig-14 mutant, confirming that MIG-14 controls EGL-20/Wnt secretion ( Figures 5E and 5F ). Expression of wild-type MIG-14 or MIG-14 with mutated leucine-rich motif in the Wnt-secreting tissues rescued EGL-20 secretion, with a marked increase in EGL-20::Venus-containing coelomocytes ( Figures 5E and 5F ). By contrast, coelomocyte EGL-20 signals in the mig-14 mutant were not restored by MIG-14 that lacked the C terminus domain ( Figures 5E and 5F ). Taken together, we conclude that the selfavoidance function of MIG-14 is distinct and genetically separable from its well-established role in Wnt secretion.
Trafficking and Transport of Wntless in the PVD Neuron
To investigate the cell biological basis of MIG-14-mediated dendrite self-avoidance, we first examined mechanisms that control the subcellular distribution of MIG-14 in the PVD neuron. Functional MIG-14::mCherry fusion protein expressed from the PVD-specific ser-2.3 promoter ( Figure 2D ) showed punctate signals in both the PVD soma and the dendrites ( Figures 6A and  S3B ). In the soma, MIG-14 was localized at the cell membrane and in intracellular compartments, such as the endoplasmic reticulum (ER), the Golgi, and the early and recycling endosomes, but not mitochondria or lysosomes ( Figures 6A, S3B , and S4A-S4C). In the tertiary dendrites, we observed two forms of MIG-14 signals: punctate signals that largely colocalized with the early endosome marker RAB-5 ( Figure S4C ) and diffuse signals that highlighted the dendrite shapes ( Figure 6A ). To test whether diffuse signals represent MIG-14 molecules on the dendritic membrane, we examined strains with mutations in dpy-23/AP50 and vps-35/retromer, genes that promote MIG-14 endocytosis and endosome-to-Golgi trafficking of MIG-14 in the Wnt-secreting tissues, respectively (Franch-Marro et al., 2008; Pan et al., 2008; Port et al., 2008; Yang et al., 2008) . In the dpy-23 mutant, diffuse MIG-14 signals in the dendrites were markedly increased with diminished punctate MIG-14 signals ( Figures 6A and 6B ). 3D reconstruction of high-resolution confocal microscopic images suggested that MIG-14::mCherry was largely localized at the dendritic membrane in the dpy-23 mutant ( Figure S4D ). These results indicate that endocytosis of MIG-14 in the dendrite depends on AP2 and that blockade of endocytosis results in MIG-14 retention on the dendritic membrane. This was confirmed by decreased localization of MIG-14 in the early endosomes of the dpy-23 mutant ( Figures  S4A and S4B) . By contrast, in the vps-35 mutant, diffuse dendritic MIG-14 signals were dramatically decreased ( Figures 6A  and 6B ), likely due to increased degradation in the lysosome because of blockade of MIG-14 trafficking to the Golgi ( Figures  S4E and S4F ). These results are consistent with prior studies showing that VPS-35 maintains a functional pool of MIG-14 by mediating MIG-14 sorting to the Golgi secretory pathway (Pan et al., 2008; Yang et al., 2008) . Interestingly, both dpy-23 and vps-35 mutants showed PVD self-avoidance defects ( Figure 6C ), suggesting that recycling and trafficking of MIG-14 is critical for MIG-14 activity in dendrite self-avoidance. This conclusion was further substantiated by the observation that MIG-14 overexpression rescued self-avoidance defects of the vps-35 mutant ( Figure 6C ). By contrast, MIG-14 overexpression failed to rescue self-avoidance defects of the dpy-23 mutant ( Figure 6C ), suggesting that endocytosis is required for MIG-14 activity in promoting dendrite repulsion. Expression of dpy-23 or vps-35 in PVD rescued dendrite self-avoidance defects in the dpy-23 or vps-35 mutants, respectively, whereas expression of those genes in the Wnt-producing cells did not rescue ( Figure 6C ). This suggests that, similar to mig-14, dpy-23 and vps-35 act cell autonomously in PVD for dendrite self-avoidance.
We observed both anterograde and retrograde MIG-14 movements in the primary PVD dendrites ( Figure 6D ). To test whether dendritic MIG-14 transport is microtubules based, we examined several mutants of the microtubules-associated motors, including unc-104/kinesin 3, unc-116/kinesin 1, and dhc-1/dynein. Whereas not affected in the unc-104 mutant (data not shown), MIG-14 movements in the primary dendrites were significantly diminished in the unc-116 and the temperature-sensitive dhc-1 mutants ( Figure 6D ), together with a marked reduction of membrane MIG-14 signal in the tertiary dendrites ( Figures 6E and 6F ). Tertiary dendrites in the unc-116 and dhc-1 mutants showed self-avoidance defects at levels comparable to those in the mig-14 mutants, and self-avoidance defects of the dhc-1; mig-14 and mig-14; unc-116 double mutants were similar to those of the mig-14, dhc-1, or unc-116 single mutants ( Figure 6G ), suggesting that mig-14, unc-116, and dhc-1 act in a common genetic pathway to regulate dendrite self-avoidance. MIG-14 overexpression in the PVD failed to (E) Epifluorescent images of the coelomocytes (dotted lines) containing EGL-20::Venus (arrows) that was expressed from the egl-20/Wnt promoter. Co-expressed MIG-14 variants or a mCherry control construct were indicated above. (F) Quantification of coelomocytes with EGL-20::Venus signal. Three independent samples were collected for each genotype, with each sample containing 30 coelomocytes. ***p < 0.001; one-way ANOVA followed by Bonferroni's multiple comparison test.
rescue self-avoidance defects in the unc-116 and dhc-1 mutants ( Figure 6G ), implying that these microtubules-based motors are critical for MIG-14 functions in dendrite self-avoidance. Supporting a role for MIG-14 transport in mediating dendrite repulsion, defasciculation of TRN dendrites triggered by MIG-14 overexpression was significantly suppressed in the unc-116 mutant (wild-type, 40%, n = 44; unc-116, 20 .8%, n = 24; p = 0.023; two-proportion z test). Taken together, these experiments demonstrate that dendritic transport of MIG-14 requires both UNC-116/kinesin 1 and DHC-1/dynein, and proper trafficking and transport of MIG-14 in the dendrites is important for dendrite self-avoidance.
Wntless Regulates PVD Dendrite SelfAvoidance by Engaging the Actin Cytoskeleton We next sought to determine the cytoskeletal basis for MIG-14-mediated dendrite self-avoidance. Dendrites are actin-rich structures, and molecules that control actin assembly or dynamics also shape dendrite morphology (Konietzny et al., 2017; Scott and Luo, 2001 ). Sundararajan and Miller first described focal F-actin assembly at dendritic tips of PVD when these branches underwent contact-dependent retraction ( International C. elegans Meeting, abstract). Inspired by this finding, we tested whether MIG-14 engages F-actin cytoskeleton to regulate dendrite self-avoidance. Interestingly, mutations of wsp-1 and wve-1, which encode proteins of the WASP (Wiskott-Aldrich syndrome protein) and WAVE (WASP family with verprolin homology) complexes, respectively (Withee et al., 2004) , caused PVD self-avoidance defects ( Figures 7A  and 7B ). Self-avoidance defects of the wsp-1 mutant were rescued by expression of wsp-1 in the PVD, suggesting a cellautonomous role for WASP in regulating dendrite self-avoidance ( Figures 7A and 7B ). Because wsp-1 and mig-14 mutants displayed PVD self-avoidance defects at similar level, we investigated whether mig-14 and wsp-1 function in a common genetic pathway. Self-avoidance defects of the mig-14; wsp-1 double mutant were similar to those of the mig-14 or wsp-1 single mutants, suggesting that mig-14 and wsp-1 act in a common genetic pathway. Overexpression of wsp-1 in the PVD rescued Self-avoidance defects (%) self-avoidance defects of the mig-14 mutant, but overexpression of mig-14 did not rescued self-avoidance defects of the wsp-1 mutant ( Figure 7B ). These results place wsp-1 genetically downstream of mig-14 for controlling dendrite self-avoidance. This model predicts that TRN dendrite repulsion induced by ectopic MIG-14 expression requires WSP-1. Indeed, defasciculation of TRN dendrites caused by MIG-14 was markedly suppressed in the wsp-1 mutant ( Figure 7C ). Interestingly, a mutation in unc-60, a gene encoding the actin-severing factor cofilin, significantly reduced self-avoidance defects of the mig-14 mutant ( Figure 7D ), whereas it did not result in increased self-avoidance defects in the otherwise wild-type background ( Figures 7A and 7B ). Together, these genetic studies show that MIG-14 acts through actin polymerization to control dendrite repulsion. Expression of a functional mCherry::WSP-1 transgene in the PVD showed that WSP-1 in the cytosol or the primary dendrites did not colocalize with GFP-tagged MIG-14 and were not detectably altered in the mig-14 mutant ( Figure S5B ; data not shown). Signals of mCherry::WSP-1 in higher-ordered dendritic branches could not be revealed consistently. These data imply that MIG-14 interacts indirectly with WSP-1 and is not required for the subcellular distribution of WSP-1.
To understand how MIG-14 and WSP-1 regulate dendrite selfavoidance through actin assembly, we directly imaged F-actin activity in the PVD dendrites with LifeAct::EGFP, a fluorescent probe that binds F-actin and had been widely used in the studies of actin dynamics (Riedl et al., 2008) . In PVD, F-actin was mainly found in dendrites that underwent active growth, such as the secondary branches in early L3 or tertiary branches in late L3 larvae ( Figure S5C ). We performed time-lapse, spinning disk confocal microscopy to characterize F-actin dynamics during self-avoidance events. We first identified dendrite contact by quantifying fluorescent signal of mCherry that marked the dendrites (Figures S6A and S6B ; see also STAR Methods). A 5 mm region centering at the dendrite contact point was defined as the dendrite contact site, and another region of the same length but away from the contact site was selected as the control, noncontact site (Figures 8A and 8B ; see also STAR Methods). Timelapse imaging in the wild-type documented significant increase of LifeAct::EGFP signals at the dendrite contact site that persisted throughout dendrite contact and diminished before the onset of dendrite retraction ( Figures 8A, 8C, and S6C ). This result is consistent with the pioneering observation of F-actin burst in dendrite self-avoidance events by Sundararajan and Miller (Lakshmi Sundararajan and David M. Miller, personal communication; L. Sundararajan and D.M. Miller, 2015, International C. elegans Meeting, abstract) . By contrast, no such temporal correlation between F-actin signals and dendrite contact was observed at the non-contact site (Figures 8D and S6D ). This suggests that dendrite contact and retraction in the self-avoidance event is associated with temporally and spatially defined F-actin activity. Supporting this idea, in the mig-14 or wsp-1 mutants, F-actin burst at the dendrite contact site was significantly diminished ( Figures 8C and S6C ), whereas F-actin level at noncontact site remained unchanged in the dendrite (Figures 8D  and S6D ). Taken together, these observations support the model that Wntless promotes dendrite self-avoidance by orchestrating F-actin assembly at the dendrite tips around the time of dendrite contact and retraction, a process that also requires the conserved actin regulator N-WASP. We want to point out, however, that optical resolution of our imaging method does not allow for an unambiguous identification of dendrite contact (see STAR Methods), which likely requires super-resolution microscopy. This leaves some uncertainty as whether F-actin burst occurs only after physical contact of dendrites or when two neighboring dendrites are within a narrow distance yet remain separate (see Discussion). Of note, dendrite self-avoidance defects are relatively modest in the mig-14 or wsp-1 mutants, considering the marked reduction in F-actin burst, suggesting the existence of unknown mechanisms that compensate for the loss of F-actin assembly in promoting dendrite retraction.
DISCUSSION
In this study, we reveal a novel role of MIG-14/Wntless in dendrite self-avoidance that is likely independent of its canonical role in Wnt secretion. This conclusion is based on the following observations. First, none of the Wnt or Frizzled mutants show dendrite self-avoidance defects. Second, mig-14 acts autonomously in PVD, rather than in Wnt-secreting tissues, to regulate self-avoidance. Third, distinct MIG-14 domains are required for self-avoidance and Wnt secretion, respectively. Although genetically it is not possible to completely eliminate Wnt activity or exclude PVD as a potential Wnt-secreting cell, the distinct sites of mig-14 action for dendrite repulsion and Wnt secretion argue that mig-14 shows activity in PVD that is fundamentally different from its function in Wnt-secreting cells. This idea is further supported by the identification of a leucine-rich motif in the second ectodomain of MIG-14 as essential for self-avoidance yet dispensable for Wnt secretion. Our work thus uncovers a new function of MIG-14 and expands the repertoire of self-avoidance molecules. Of note, Wntless also regulates dendrite selfavoidance in Drosophila class IV da neurons, suggesting that the dendrite repulsion function of MIG-14 is evolutionarily conserved. It will be interesting to test whether this is also true in the vertebrate nervous system. Given this novel function of Wntless, we want to point out that dendrite self-avoidance defects in the Wntless mutant worm or fly are modest (around 10%-13%). It is therefore important in the future to identify other mechanisms that guard dendrite self-avoidance in the nervous system.
The Structural Basis of MIG-14/Wntless in Mediating Dendrite Self-Avoidance At the Drosophila neuromuscular junction, a previous study suggests that Wntless acts autonomously in the postsynaptic (muscle) cell and facilitates the trafficking of dGRIP, a Frizzled-interacting protein (Korkut et al., 2009) . Outcome of this cell-autonomous function of Wntless is thus Wnt and Frizzled dependent. By contrast, genetic data in our current study do not favor a role of Wnts and Frizzleds in PVD dendrite self-avoidance. We further identify a critical leucine-rich motif in the second ectodomain of MIG-14 for dendrite repulsion. That this leucine-rich motif is dispensable for Wnt secretion strongly indicates that self-avoidance function of MIG-14 could be structurally uncoupled from its role in Wnt secretion. It is unclear how the leucine-rich motif of MIG-14 regulates dendrite repulsion, although our data indicate that it is required for interaction between MIG-14 molecules in coimmunoprecipitation and cell aggregation experiments. It is possible that the leucine-rich motif is part of the interaction interface between different MIG-14 molecules, although it is structurally challenging to envision this given the small size of the leucine-rich motif. Other scenarios include that the leucine-rich motif organizes the extracellular surface of MIG-14 through allosteric interaction with other domains. We should note that our experiments did not exclude the possibility that unidentified factors serve as bridging molecules between MIG-14 proteins at opposing sister dendrites, a model that is conceptually reminiscent of dendrite repulsion mediated by UNC-40-tethered UNC-6/Netrin (Smith et al., 2012) . Other possibilities include MIG-14 acting as a receptor for novel ligands in triggering dendrite repulsion. Future investigation is necessary to provide insight into the structural basis of MIG-14-induced dendrite repulsion.
Cell Biology of MIG-14/Wntless-Mediated Dendrite Self-Avoidance In the current study, we explore two classes of mechanisms that are important for MIG-14-dependent dendrite self-avoidance. The first class of mechanism concerns the trafficking and transport of MIG-14 proteins to the dendritic membrane. We confirm that proper localization of MIG-14 on the dendritic membrane requires DPY-23/AP50 and VPS-35/retromer, the same machineries that recycle and traffic MIG-14 in Wnt-secreting tissues (B€ anziger et al., 2006; Bartscherer et al., 2006; Goodman et al., 2006; Pan et al., 2008; Yang et al., 2008) . In addition, transport of MIG-14 in the dendrites is mediated by UNC-116/kinesin 1 and DHC-1/dynein. Whereas defects in dendrite self-avoidance are present in the vps-35, unc-116, and dhc-1 mutants that have reduced membrane MIG-14, the dpy-23 mutant that has enriched membrane MIG-14 also displays penetrant self-avoidance defects. Several possibilities may explain this paradoxical finding. For example, endocytosis of MIG-14 could be important for transducing signals required for dendrite repulsion. Endosomes are important signaling compartments that regulate dendrite and axon development (Barford et al., 2017; Cosker and Segal, 2014; Villarroel-Campos et al., 2014) , and we recently showed that endosomal signaling patterned F-actin assembly to instruct neurite branching sites (Chen et al., 2017) . That overexpression of MIG-14 partially rescued self-avoidance defects of the vps-35, but not the dpy-23, mutant is consistent with this model. However, it is equally possible that endocytosis serves to retrieve dendritic membrane during dendrite retraction, and loss of this fundamental function of endocytosis in self-avoidance cannot be compensated by excess MIG-14.
The second class of mechanism of MIG-14-induced dendrite repulsion involves actin cytoskeleton. Understanding of signaling and cytoskeletal changes downstream of self-avoidance molecules, such as Dscams or g-protocadherins, is very limited. Sundararajan and Miller made the first seminal observation that focal F-actin burst at dendritic tips is associated with PVD dendrite self-avoidance (Lakshmi Sundararajan and Miller, personal communication; L. Sundararajan and D.M. Miller, 2015, International C. elegans Meeting, abstract) . We confirmed this observation and found that genes required for F-actin assembly, rather than those for F-actin depolymerization, mediate dendrite self-avoidance. Genetically, wsp-1/N-WASP acts downstream of mig-14, although our biochemical and cell biological experiments argue against a direct interaction between WSP-1 and MIG-14. N-WASP promotes the formation of Arp2/3-dependent, branched F-actin filaments (Takenawa and Suetsugu, 2007) . In C. elegans, WSP-1 plays overlapping roles with UNC-34/Ena/ VASP, another well-characterized actin regulator, in regulating embryonic morphogenesis and neuronal migration (Withee et al., 2004) . It had been shown that WSP-1 mediates the effects of the repulsive VAB-1/Eph guidance receptor to truncate neurite extension, likely through promoting branched F-actin formation over bundled, straight F-actin filaments (Mohamed et al., 2012) . It is intriguing that wsp-1 mutations disrupt self-avoidance while leaving intact the outgrowth of the tertiary PVD dendrites. One possible scenario is that dynamic regulation of the balance between straight and branched actin filaments underlies the transition from extension to retraction of the growing tertiary dendrites. Our time-lapse imaging of LifeAct::EGFP signals revealed a transient, focal increase in F-actin assembly around the time of dendrite contact and retraction, supporting an important role of F-actin assembly in self-avoidance. Such transient F-actin activity was diminished in the mig-14 and wsp-1 mutants, consistent with MIG-14 being an upstream regulator of F-actin in PVD dendrites. It remains to be determined how MIG-14 promotes F-actin assembly, as our biochemical experiments did not support a direct interaction between MIG-14 and WSP-1/ N-WASP. As emerging evidence suggests an important role of actin in controlling endocytosis and membrane remodeling (Bezanilla et al., 2015; Goode et al., 2015; Meunier and Gutié rrez, 2016) , it is also likely that WSP-1 controls self-avoidance by regulating membrane remodeling at dendritic tips or MIG-14-governed membrane remodeling activates WSP-1 to enable reconfiguration of the actin cytoskeleton needed for dendrite retraction.
The optical resolution of our imaging method precludes an unambiguous identification of dendrite contact, and we therefore devised a quantitative method based on the mCherry dendrite marker. This inevitably introduces some uncertainty regarding the temporal correlation between physical contact of the cell membrane of neighboring dendrites and the onset of F-actin burst. Occurrence of F-actin burst strictly after dendrite contact, together with biochemical and cell aggregation experiments, suggests that Wntless homophilic interaction organizes such F-actin assembly to prime dendrites for subsequent retraction. By contrast, onset of F-actin burst before physical contact of the dendrites, as our data may reveal, suggests an alternative possibility that a factor that functionally depends on Wntless may act at a very short distance to mediate F-actin burst in neighboring dendrites that will contact soon. It is also possible that Wntless promotes a transient, moderate level of F-actin assembly before physical contact of the dendrites, and contactdependent Wntless activation further augments the F-actin activity. Ultra-fast super-resolution microscopy may resolve some of these issues with improved spatial and temporal resolution for dendritic membrane and F-actin signals. In the future, it will be important to uncover factors that connect MIG-14 to F-actin regulators, such as N-WASP, as well as identify signals that activate MIG-14 upon contact of sister dendrites. Although our live imaging experiments document marked reduction in F-actin burst and significant delay in dendrite retraction, the overall self-avoidance defects in the mig-14 mutant are relatively modest, suggesting dendrite retraction is less efficient, but not completely blocked, in the absence of Wntless function or F-actin assembly. This highlights the robustness as well as redundancy of multiple parallel pathways ensuring contactdependent dendrite retraction. These unknown mechanisms thus represent important future challenges, the elucidation of which shall substantiate the molecular detail of dendrite selfavoidance.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Animals C. elegans strains were maintained at 20 C or permissive temperatures for sensitive mutants and genetics conducted as described (Brenner, 1974) . Hermaphrodites are used for experiments except for genetic crosses, which we additionally use male C. elegans. D. melanogaster strains were maintained at 25 C with a 12/12 light-dark cycle. ppk-GAL4 was used to drive UAS-wls-RNAi#1 (VDRC 5014) or UAS-wls-RNAi#2 (VDRC5015) with dendrites of Class IV da neurons marked by ppk-CD4-tdTomato (BDRC 35844) (Han et al., 2011 (Shimono et al., 2014) . Female flies are used for experiments and males are used in genetic crosses. For a complete list of alleles and transgenes used in this study, see KEY RESOURCES TABLE.
Microbe strains
The Escherichia coli OP50 strain was used as a food source for C. elegans.
Cell lines
HeLa cells (American Type Culture Collection, CCL-2) were cultured in Dulbecco's High Glucose Modified Eagles Medium (Hyclone) supplemented with 10% fetal bovine serum (GIBCO) at 37 C and 5% CO 2 . Drosophila Schneider-2 (S2) cells (American Type Culture Collection, CRL-1963) were cultured in Schneider's insect medium (Sigma) supplemented with 10% fetal bovine serum at 25 C.
METHOD DETAILS Molecular Biology and Germline Transformation
Promoters used in this study, including ser-2.3 (1.6 kb), egl-20 (2.2 kb), mom-1 (3.5 kb), mec-3 (1.9 kb) and hsp-16.2 (0.4 kb), were cloned into pPD95.75 or pPD95.77 vectors. cDNA for mig-14 (1.6 kb), dpy-23 (1.3 kb), vps-35 (2.4 kb), mom-5 (1.7 kb), egl-20 (1.2 kb) and wsp-1 (2.2 kb) were used in each respective experiments. pcDNA3.1 and pIEX6 (Novagen Mandison, WI) vectors were used for transfection experiments using HeLa or Drosophila S2 cells respectively. For labeling intracellular compartments, the cDNA for rab-5 (0.6 kb), rab-11 (0.6 kb), aman-2 (0.2 kb), lmp-1 (0.7 kb) and a fragment of tomm20 (for the first 54 amino acid) were expressed from the PVD-specific ser-2.3 promoter. To label F-actin, we cloned LifeAct::EGFP behind the ser-2.3 promoter. Germline transformation was performed by microinjecting plasmids of interest as described (Mello et al., 1991) .
Confocal Microscopy
C. elegans PVD dendrite morphology was imaged under the Zeiss LSM700 Confocal Imaging System (Carl Zeiss). z stack projection images were collapsed for analysis of dendrite development and self-avoidance. Dendrite morphology of Drosophila Class IV da neurons was imaged under the 40x objective of the Zeiss LSM710 confocal microscope (Carl Zeiss). 3D reconstruction of ddaC neuron dendritic arbors was performed by the imaging acquisition software Zen 2.3 (Carl Zeiss) with Transparent Projection of z stack images. The z axis distance between sibling dendrites that crossed over each other in 2D projection images was manually determined by analyzing 3D reconstruction of these data. Distribution of MIG-14::mCherry on the dendritic membrane was imaged using the Zeiss LSM700 for fluorescence quantification or the LSM880 Airyscan Imaging System (Carl Zeiss) for 3D reconstruction and volume rendering using Zen system (Zen 2012 blue edition).
Time-Lapse Imaging
For time-lapse imaging of growing dendrites, early L3 larva were collected and immobilized with 2 mL of 1 mM levamisole (Sigma) and 2 mL of polystyrene beads (0.1 mm, Polysciences) on 5% agar gel pad. The images were acquired by the 40X objective of the ZEISS Axio Examiner (Carl Zeiss) with Yokogawa CSU-X1 spinning disk and Rolera EM-C2 EMCCD (QImaging, Surrey, Canada) at 1 frame/minute for at least 20 min. For time-lapse imaging of MIG-14 puncta movement, early L3 larvae expressing Pser-2.3::mig-14::mCherry were collected and immobilized as described above. The images were acquired under the 63X objective of the AxioImager M2 system (Carl Zeiss). Kymographs were generated by ImageJ and the velocity of moving puncta was analyzed by Metamorph (Carl Zeiss). For LifeAct::EGFP imaging, early L3 larva were collected and immobilized with levamisole and polystyrene beads as described above on 10% agar gel pad. The image frames were acquired every 35 s for around 20 min under the 40X objective of Carl Zeiss Cell Observer SD (Carl Zeiss) equipped with Yokogawa CSU-X1 spinning disk. wdIs52; worms were heat-shocked at 34 C for 40 min at 12, 24, 36, 48, or 72 hr post-hatching. Self-avoidance defects were analyzed at L4 stage for groups that received heat shock at 12, 24 or 36 hr post-hatching. For groups that received heat shock at 48 and 72 hr post-hatching, analyses of selfavoidance defects were conducted 24 hr after heat shock.
Heat Shock Experiments
Quantification of Dendrite Self-Avoidance Defects PVD dendrite self-avoidance was quantified as described previously (Smith et al., 2012) . Independent wild-type and mig-14(ga62) data are used in individual figure panels, and there is no re-use of wild-type or mig-14 mutant data. In brief, the number of all dorsally and ventrally projecting secondary dendrites (D + V) were used to estimate the maximal possible gaps (N) that a single PVD can have: N = ðD À 1Þ + ðV À 1Þ And the percentage of self-avoidance defect is defined as:
self-avoidance defect = Mðmissing gapsÞ=N 3 100% Sibling dendrite crossover of single class IV da neurons in Drosophila was manually quantified. The crossing points were divided by total dendritic points and showed in percentages.
Imaging Definition of Dendrite Contact and Quantification of Fluorescence Signal Intensity
To compare MIG-14::mCherry signals on the dendritic membrane, comparable regions of the PVD arbors (the middle region of the anterior territory of the PVD arbor) were imaged. z stack maximum projection images of MIG-14::mCherry in different genotypes were acquired using Zeiss LSM700 Confocal Imaging System (Carl Zeiss) with identical confocal acquisition parameters. Fluorescence pixel intensity of MIG-14::mCherry signals were quantified by ImageJ. To identify dendrite contact, pixel-wise quantification of soluble dendritic mCherry signal was performed for individual image frames in each live imaging experiment. In brief, dendritic mCherry signal in z stack projection images acquired by Cell Observer SD. System (Carl Zeiss) was quantified by the Zen system (Zen 2012 blue edition) for the inter-dendrite region between the tips of the two dendrites (F inter ) ( Figure S6A ). A region of the same area size that extended into the dendrite from the tip was selected for quantification of mCherry signal in both dendrites ( Figure S6A ) and a mean value was derived as
Dendrites are defined as separate when F inter is less than 50% of F mean . Dendrites are defined as in contact when F inter is more than 80% of F mean . The occurrence of dendrite contact is the first time point that shows an F inter value greater than 80% of F mean , which we name ''time 0'' ( Figures S6A and S6B) . We aligned subsequent quantification of F-actin signals in individual experiments to dendrite contact (time 0).
To quantify changes in LifeAct::EGFP signal, a 5 mm region that centers at the dendrite contact point and spans both sister tertiary branches in contact is selected as the contact site. Another 5 mm region is selected from away the contact site to be the control, noncontact site. Changes in LifeAct::EGFP signal are expressed as percent baseline fluorescence intensity: DF = F t À F À01:10 =F À01:10 where t is any given time point and À01:10 indicates 1 min and 10 s before dendrite contact (time zero) as identified through the quantitative method described above. LifeAct::EGFP signal was quantified for both contact and non-contact sites from the same confocal projection images for individual imaging experiments.
Western Blot and Coimmunoprecipitation
HeLa cells were transfected with gene constructs by lipofectamine (Invitrogen) for 2 days with G418 selection. Two populations of transfected cells with indicated constructs were mixed together and cultured for another 2 days with G418 selection. Mixed cells were treated with 1 mM dithiobis (succinimidyl propionate) (Thermo Fisher Scientific) in phosphate-buffered saline for 10 min and the reaction was quenched by treating with 40 mM Tris-Cl (pH = 8) for 15 min, followed by washing with quenching buffer (50 mM Tris-Cl (pH = 8), 150 mM NaCl) for 15 min. Cells were lysed with buffer (50 mM Tris, 150 mM NaCl, 2 mM EDTA (pH 8.0), 0.5% sodium deoxylcholate, and 1% NP40) supplemented with protease inhibitor cocktail (Roche), 20mM sodium fluoride, and 5mM phenylmethylsulfonyl fluoride. For co-immunoprecipitation, cell lysates were immunoprecipitated by anti-HA (Invitrogen) or anti-FLAG (Sigma) beads. Immuno-complexes or samples for western blot analysis were eluted and denatured by SDS sample buffer at 37 C for 20 min, electrophoresed in SDS-polyacryalamide gel, transferred onto PVDF membrane and probed with anti-HA (1:2000; Abcam ab71113), anti-FLAG (1:2000; Sigma F7425), and anti-b-actin (1:5000 Santa Cruz sc-47778).
S2 Cell Aggregation Assays
Drosophila Schneider-2 (S2) cell were cultured in Schneider's insect medium (Sigma) supplemented with 10% FBS and transfected by Effectene (QIAGEN) according to the manufacturer. S2 cell aggregation assays was performed according to published reports with modifications (Dong et al., 2013; Snow et al., 1989; Zorio et al., 1994) . Cells were transfected with pIEX6::mom-5::GFP or pIEX6::mig-14::GFP and cultured for three days. To obtain homogeneous cell populations that express respective transgenes, we sorted cells using fluorescence-activated cell sorting (FACS) after three days of culture by FACSAria (BD Bioscience, San Jose, CA). Cells were placed at a density of 1 3 10 6 /mL in 12-well culture dish after washed with phosphate buffered saline (PBS) and resuspension in S2 medium. Cells were rotated at 100 rpm for 1 hr at room temperature. An aliquot of 3 mL cell suspension was gently placed onto glass slide and imaged immediately under 10X objective of AxioImager M2 system (Carl Zeiss). High-resolution images were additionally acquired using LSM700 Confocal Imaging System (Carl Zeiss).
QUANTIFICATION AND STATISTICAL ANALYSES
Numbers (n) of animals or replica for experiments are indicated in the legends of individual figures. For S2 cell aggregation, MIG-14 coimmunoprecipitation and coelomocyte secretion assay, at least three independent biological replicates were performed. Statistical analyses used in this study include Mann-Whitney U test, two proportion z test, Student's t test with Bonferroni's correction or one-way ANOVA followed by Bonferroni's multiple comparison, all indicated in the legends of the figures where these methods apply.
DATA AND SOFTWARE AVAILABILITY
All data are available in electronic files and some in paper copies.
